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One of the open questions of the strong interaction theory is the existence of the Odderon, which 
is an unambiguous prediction of Quantum Chromodynamics, but still not confirmed experimentally. 
An alternative to probe the Odderon is the exclusive rj c photoproduction in hadronic collisions. As 
the Pomeron exchange cannot contribute to this process, its observation would indicate the existence 
of the Odderon. In this paper we estimate the r/ c production in photon - induced interactions 
in hadronic collisions at the AFTER@LHC experiment. We demonstrate that the experimental 
analysis of this process is feasible in the AFTER@LHC experiment and that the observation of the 
r/c production in nuclear collisions is a unambiguous signature of the Odderon. 
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I. INTRODUCTION 

The AFTER@LHC experiment opens a new kinemati- 
cal regime where several questions related to the descrip¬ 
tion of the Quantum Chromodynamics (QCD) remain 
without satisfactory answers pj . One of these open ques¬ 
tions is the Odderon, which is a natural prediction of the 
QCD, and determines the hadronic cross section differ¬ 
ence between the direct and crossed channel processes 
at very high energies (For a review see Ref. |2|). The 
current experimental evidence for the Odderon is rather 
scarce. A recent study of the data on the differential 
elastic pp scattering shows that one needs the Odderon 
to describe the cross sections in the dip region |3| (See 
also Ref. [U,IS]). The difficulties inherent in the descrip¬ 
tion of pp and pp collisions and the lack of further data 
have made it impossible to establish the existence of the 
Odderon in these processes beyond reasonable doubt. 

An alternative to probe the Odderon is the study of 
the diffractive photoproduction of pseudoscalar mesons 
in hadronic collisions [g]. As the real photon emitted 
by one of the incident hadrons carries negative C parity, 
its transformation into a diffractive final state system of 
positive C parity requires the t-channel exchange of an 
object of negative C parity. In perturbative QCD, the 
Odderon is a C-odd (C being the charge conjugation) 
compound state of three reggeized gluons, with evolu¬ 
tion described by the Bartels - Kwiecinski - Praszalow- 
icz (BKP) equation Q, which resums terms of the order 
a s (a s logs)” with arbitrary n in which three gluons in a 
C = — 1 state are exchanged in the t-channel. In contrast, 
the Pomeron corresponds to a C-even parity compound 
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state of two t-channel reggeized gluons, given by the so¬ 
lution of the Balitsky - Fadin - Kuraev - Lipatov (BFKL) 
equation | 8 |. Consequently, the Pomeron exchange can¬ 
not contribute to the production of pseudoscalar mesons 
and this process can only be mediated by the exchange of 
an Odderon. A particular promising process is the exclu¬ 
sive r) c photoproduction, since the meson mass provides a 
hard scale that makes a perturbative calculation possible 

[1G3- 

In what follows we extend the analysis performed in 
Ref. i 6 | for the kinematical range probed by the AF- 
TER@LHC experiment. In particular, we estimate the 
cross sections for the r) c production in photon - induced 
interactions present in pp, pA and AA collisions. The 
basic idea is that in hadron-hadron collisions at large 
impact parameter (6 > Rh x + Rh 2 ) and at ultra relativis¬ 
tic energies the electromagnetic interaction is dominant 
Q In heavy ion collisions, the heavy nuclei give rise to 
strong electromagnetic fields due to the coherent action 
of all protons in the nucleus, which can interact with each 
other. In a similar way, it also occurs when considering 
ultra relativistic protons in pp collisions. The photon 
stemming from the electromagnetic field of one of the 
two colliding hadrons can interact with one photon of 
the other hadron (two-photon process) or can interact 
directly with the other hadron (photon-hadron process). 
Consequently, the r/ c can be produced in photon - hadron 
(pfh) and photon - photon ( 77 ) interactions, with both 
processes generating two rapidity gaps in the final state. 
While the rj c production in 7 h interactions represented in 
Fig. [l]is a direct probe of the Odderon, its production in 
77 interactions (See Fig. [2]) is an important background, 
which should be estimated in order to separate the signal 
associated to the Odderon. 

This paper is organized as follows. In Section |TT] we 
present a brief review of the main concepts and formu¬ 
las used in the description of 77 and 7 h interactions in 
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FIG. 1: r/ c production in photon - hadron interactions at the 
AFTER@LHC experiment. 



FIG. 2: r/ c production in photon - photon interactions at the 
AFTER@LHC experiment. 


hadronic collisions and in the exclusive rj c photoproduc¬ 
tion, which are required to explain our results, which will 
presented in Section Mil Finally, in Section IIVI we sum¬ 
marize our main conclusions. 


II. PHOTON - INDUCED INTERACTIONS IN 
HADRONIC COLLIDERS 


In hadronic collisions at large impact parameter and 
at ultra relativistic energies the photon - induced cross 
sections for a given process can be factorized in terms of 
the equivalent flux of photons of the incident hadrons 
and the photon - photon or photon-target production 
cross section [Til ]. The recent experimental results from 
CDF [3 at Tevatron, STAR [b| and PHENIX [3 at 
RHIC and ALICE [11 0 and LHCb [3 03 at LHC 
for photon-induced processes in hadronic collisions have 
demonstrated that a detailed analysis is feasible and that 
the data can be used to constrain the description of the 
hadronic structure at high energies [lj| as well as to probe 
possible scenarios for the physics beyond the Standard 
Model [20j. These results motivate a detailed analysis of 
other final states in photon - induced interactions. 

Lets initially consider the 7] c production in 77 interac¬ 
tions. The cross section for the exclusive r] c production 
in the two-photon fusion process, Fig. [2l is given by [2lj| 


cr[hih2 




F(uJi,U)2) o 
uj 2 


77 -^c 


(wi,W 2 ) 


(1) 


where ® represents a rapidity gap in the final state, u>\ 
and w 2 the energy of the photons which participate of 
the hard process and is the cross section for the 

subprocess 77 r] c , given by 

0’77-s-rjc = 8 tT 2 (2J + 5(4u)iUJ2 - to 2 ) , (2) 

m... ,c 


where J, m Vc and T ??c _ > . 77 are the spin, mass and the 
photon-photon partial decay width of the ?; c , respectively, 
and the 6 function enforces energy conservation. More¬ 
over, the function F is the folded spectra of the incoming 
particles (which corresponds to an “effective luminosity” 
of photons) which we assume to be given by p 3 


/•OO /*00 /*27T 
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( 3 ) 


where 6 ,; are the impact parameters of the hadrons in relation to the photon interaction point, (j) is the angle 
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between bi and i> 2 , Ri are the projectile radii and b 2 = 
b\+b 2 —2b\b2 cos 6. The theta function in Eq. © ensures 
that the hadrons do not overlap [22]. The Weizsacker- 
Williams photon spectrum for a given impact parameter 
is given in terms of the nuclear charge form factor F(k±), 
where k± is the four-momentum of the quasi-real photon, 
as follows [llj| 


N(lj, b ) 


aZ 2 

7 T 2 UJ 



■ Ji{bk ±) 


2 


,( 4 ) 


In the case of the r) c production in photon - hadron 
interactions the total cross section is given by 



where dcq /dY is the rapidity distribution for the photon- 
target interaction induced by the hadron hi, which can 
be expressed as 

^7 =wn 7/li( w ) ‘ cy lhj^ri c hj(W~ihj) (* 7^ j) ■ V) 


where J\ is the Bessel function of the first kind. For a 
point-like nucleus one obtains that [ll| 

JV(„,6) = *=£ (i) 2 {*?(£) + £*?({)}, ( 5 ) 

with 7\ 0 ,l being the modified Bessel function of second 
kind, £ = tub/'yv, v the velocity of the hadron, 7 the 
Lorentz factor and a em the electromagnetic coupling con¬ 
stant. This expression have been derived considering a 
semiclassical description of the electromagnetic interac¬ 
tions in peripheral collisions, which works very well for 
heavy ions (See e.g. (2l|). For protons, it is more appro¬ 
priate to obtain the equivalent photon spectrum from its 
elastic form factors in the dipole approximation (See e.g. 
[23|). An alternative is to use Eq. © assuming R p =0.7 
fm for the proton radius, which implies a good agreement 
with the parametrization of the luminosity obtained in 
f24l ] for proton-proton collisions (For a more detailed dis¬ 
cussion see Ref. 0). 


where W 2 h = 2 w^/snn and snn are the c.m.s energy 
squared of the photon - hadron and hadron-hadron sys¬ 
tem, respectively. Moreover, n 1 /h i {uj) is the b-integrated 
photon flux associated to the hadron hi, which can be 
obtained considering the requirement that the photon - 
induced processes are not accompanied by hadronic inter¬ 
action (ultra-peripheral collision). An analytic approxi¬ 
mation for the equivalent photon flux of a nuclei can be 
calculated, which is given by 0 


n l/A (uj) = 


I, 


d 2 bN(uj, b) 


bmin 

2 Z 2 a e 

7TUJ 


r]K 0 (77) Ki (77) 


-2 

77 ^ 


u(n) 


( 8 ) 


where fj = ojb m i n /"fL (with 7 ^ being the Lorentz boost 
of a single beam), b m i n = Ri n + Rh 2 and U{fj) = 
K 2 ( fj ) — Kq {fj). On the other hand, for proton-proton 
collisions, we assume that the_photon spectrum of a rel¬ 
ativistic proton is given by [26j], 
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n 7 / p (w) = 


2ttuj 
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where 0 = 1 + [ (0.71 GeV 2 )/Q+ n ] and Q 2 min = 

V/[V L { l-2 W /y^)]«(u;/7L) 2 . 

The exclusive r] c photoproduction, which is the main 
input in our calculations [See Eq. ([7[l] can be obtained us¬ 
ing the impact factor representation, proposed by Cheng 
and Wu [27[ many years ago. In this representation, the 
amplitude for a large-s hard collision process can be fac¬ 
torized in three parts: the two impact factors of the col¬ 
liding particles and the Green’s function for the three 
interacting reggeized gluons, which is determined by the 
BKP equation and is represented by (?bkp hereafter. The 
differential cross section for the process 7 + h —> r] c + h 
is given by @ 


da 

dt 


1 

327T 


E i^i 2 . 


( 10 ) 


where A 1 is the amplitude for a given transverse polariza¬ 
tion i of the photon, which can be expressed as a convolu¬ 
tion of the impact factors for the proton (<J> p ) and for the 
7 r) c transition ($ 7 ) with the Odderon Green function: 

A = 1152 (27r) 8 ^iVo\^ BKp \%) ■ ( U ) 

Differently from + 7Pt! , that can be calculated perturba- 
tively p 3 ], the impact factor $ p that describes the cou¬ 
pling of the Odderon to the proton is non-perturbative 
and should be modelled. In our calculations we consider 
the model used in Refs. I M- Moreover, we assume 
that the Odderon Green function Gbkp is described in 
terms of the solution of the BKP equation [?], with the 
energy dependence being determined by the Odderon in¬ 
tercept ao- In particular, we consider the solution ob¬ 
tained by Bartels, Lipatov and Vacca (BLV) [13 that 
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have found a solution for the BKP equation with inter¬ 
cept ao exactly equal to one. For comparison we also 
consider the solution obtained by Kwiecinski and collab¬ 
orators in Ref. 0 (CKMS model hereafter), which has 
considered a simplified three gluon exchange model for 
the Odderon that implies an energy independent cross 
section. In our calculations we will use a realistic value 
for a s (= 0.3). 


III. RESULTS 

In what follows we present our predictions for the rj c 
production in 7 h and 77 interactions considering the 
kinematical range which will be probed by the AF- 
TER@LHC experiment. Basically, we assume y/S nn = 
115/ 72/ 72 GeV for pp / Pbp/PbPb collisions, which im¬ 
plies that y/s^h < 44/ 12/ 9 GeV, respectively. Similarly, 
it is possible to obtain that y/s// < 17/2.0/1.0 GeV. 
Consequently, the rj c production in 77 interactions only is 
present in pp collisions. In other words, the measurement 
of the exclusive rj c production in Pbp and PbPb collisions 
can be considered a direct probe of the Odderon. More¬ 
over, in our calculations we take into account that the 
typical rapidity range which is expected to be reachable 
by the AFTER@LHC experiment is —3.0 < V c .m. < 0.5. 

In TableUwe present our predictions for the total cross 
sections. We predict cross sections for the rj c production 
in Pbp and PbPb collisions that are a factor > 10 4 larger 
than the pp predictions. This enhancement is directly 
associated to the nuclear photon flux and the nuclear de¬ 
pendence of the photon - hadron cross section. As the 
photon flux is proportional to Z 2 , because the electro¬ 
magnetic field surrounding the ion is very larger than 
the proton one due to the coherent action of all protons 
in the nucleus, the Pbp and PbPb cross sections are am¬ 
plified by this factor. Moreover, our predictions for the 
t y c production in PbPb collisions also are amplified by 
the mass number A , since in our calculations for the nu¬ 
clear case we are assuming in a first approximation that 
cr( 7 A — > rj c A) = A.a("fp —> rj c p)- For the exclusive rj c 
production in pp collisions we predict values of the order 
of a fraction of pb, with the BBVC prediction being a fac¬ 
tor of ~ 6 larger than the CKMS one. This enhancement 
is directly associated to the energy dependence present in 
the BBVC model, which implies that the 7 h cross section 
increases at smaller energies, while the CKMS predicts 
an energy independent cross section. For the ij c produc¬ 
tion in Pbp and PbPb collisions, we predict cross sections 
of the order of nb for the exclusive rj c photoproduction in 
PbPb collisions at AFTER@LHC experiment. Moreover, 
we predict that the Pbp cross sections are two orders of 
magnitude smaller than those predicted for PbPb colli¬ 
sions. 

Lets now estimate the background associated to the rj c 
production in 77 interactions for pp collisions. Assuming 
that the photon spectrum for the proton is given by Eq. 
J5]), with R p = 0.7 fm, m Vc = 2.983 GeV and F(? 7 C —»• 


h\h>2 

CKMS 

BBCV 

pp (y/s = 115 GeV) 

0.05 pb (1000.0) 

0.30 pb (6000.0) 

Pbp (^s = 72 GeV) 

28.1 pb (31.0) 

356.6 pb (393.0) 

PbPb (yfi = 72 GeV) 

5870.0 pb (41.0) 

74366.0 pb (520.0) 


TABLE I: Cross sections (event rates/year) for the exclu¬ 
sive r/ c photoproduction in pp/Pbp/PbPb collisions at AF- 
TER@LHC experiment. 


77 ) = 5.0 keV, we predict that a[pp p®r] c ®p\ = 2.2 
pb, which is a factor > 8 larger than the predictions for 
the r] c production in photon - hadron interactions. As 
both processes generate two rapidity gaps in the final 
state, the detection of the gaps is not, in a first analysis, 
an efficient trigger for the separation of the 7 h produc¬ 
tion of the r] c . An alternative is the reconstruction of the 
entire event with a cut on the summed transverse mo¬ 
mentum of the event |23j. As the typical photon virtual¬ 
ities are very small, the hadron scattering angles are very 
low. Consequently, we expect that a different transverse 
momentum distribution of the scattered hadron, with 7 h 
interactions predicting larger pp values. In contrast, the 
background is not present in nuclear collisions, since the 
maximum 77 center-of-mass energies in Pbp and PbPb 
collisions are smaller than threshold of production. 

Considering the design luminosities at AFTER@LHC 
for pp (£ pp = 2 x 10 4 pb _ 1 yr _1 ), Pbp (£ Pbp = 1-1 
pb _ 1 yr _1 ) and PbPb collisions (£p b pb = 7.0 x 10 ~ 3 
pb _ 1 yr _1 ) we can calculate the production rates (See 
Table ID) . Although the cross section for the exclusive i) c 
photoproduction in PbPb collisions is much larger than 
in pp collisions, the event rates are higher in the pp mode 
due to its larger luminosity. In particular, we predict 
that the events rate/year for pp collisions at y/s = 115 
GeV should be larger than 1000. On the other hand, for 
Pbp and PbPb collisions at y/s = 72 GeV we predict that 
the events rate/year should be larger than 30. Although 
smaller than the pp predictions, the observation of the 
rjc production in nuclear collisions would clearly indicate 
the existence of the Odderon. 


IV. SUMMARY 

In the last years, the physics of the Odderon has be¬ 
come an increasingly active subject of research, both 
from theoretical and experimental points of view. On 
the theoretical side, the investigation of the Odderon in 
pQCD has led to discovery of relations of high energy 
QCD to the theory of integrable models HU and two 
leading solutions of the BKP evolution equation were ob¬ 
tained HU H(|, with the intercept being close to or exactly 
one, depending on the scattering process (See also Refs. 
[3lj]). In contrast, on the experimental side, the current 
evidence for the Odderon is very unsatisfactory. 

In Ref. [gi] we have proposed the study of the exclu- 
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sive rj c production in hadronic collisions at LHC energies 
as a probe of the Odderon (For other possibilities see 
Ref. 1321]). In this paper we extend that previous anal¬ 
ysis for the kinematical region which would be probed 
by the AFTER@LHC experiment. As the exclusive p c 
photoproduction is only possible if the Odderon is ex¬ 
changed between the vector meson and the hadron, the 
observation of such processes would clearly indicate the 
existence of the Odderon. We have estimated the r] c 
cross section considering photon - hadron interactions 
in pp/Pbp/PbPb collisions. Moreover, the background 
associated to the rj c production by 77 interactions was 
calculated. We have that the background is only present 
in pp collisions, which makes the observation of the ex¬ 


clusive pc production in Pbp and PbPb a signature of 
the Odderon. We predict total cross sections of order of 
pb (nb) for pp ( PbPb ) collisions and large values for the 
event rates/year, which makes, in principle, the experi¬ 
mental analysis of this process feasible at AFTER@LHC 
experiment. 
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